The lipid-protein film covering the interface of the lung alveolar in mammals is vital for proper lung function and its deficiency is related to a range of diseases. Here we present a molecular-level characterization of a clinical-grade porcine lung surfactant extract using a multitechnique approach consisting of 1 H-13 C solid-state nuclear magnetic spectroscopy, small-and wide-angle X-ray scattering, and mass spectrometry. The detailed characterization presented for reconstituted membranes of a lung extract demonstrates that the molecular structure of lung surfactant strongly depends on the concentration of cholesterol. If cholesterol makes up about 11% of the total dry weight of lung surfactant, the surfactant extract adopts a single liquid-ordered lamellar phase, L α(o) , at physiological temperatures. This L α(o) phase gradually changes into a liquid-disordered lamellar phase, L α(d) , when the temperature is increased by a few degrees. In the absence of cholesterol the system segregates into one lamellar gel phase and one L α(d) phase. Remarkably, it was possible to measure a large set of order parameter magnitudes |S CH | from the liquiddisordered and -ordered lamellar phases and assign them to specific C-H bonds of the phospholipids in the biological extract with no use of isotopic labeling. These findings with molecular details on lung surfactant mixtures together with the presented NMR methodology may guide further development of pulmonary surfactant pharmaceuticals that better mimic the physiological selfassembly compositions for treatment of pathological states such as respiratory distress syndrome.
lung surfactant | cholesterol | order parameter | solid-state NMR | dipolar recoupling T he air-alveoli interface of human lungs consists of ∼100 m 2 of surface area covered by a 1-to 2-µm-thick film rich in lipids, generally referred to as lung surfactant (LS) (1, 2) . The alveolar interfacial film has several important functions, including stabilizing the interface, allowing for area expansions and controlling diffusional transport (3) (4) (5) (6) (7) . These functions strongly rely on the self-assembly structure, as well as on the mechanical, barrier, and surface properties of the dynamic LS interfacial layer, which in turn depend on its chemical composition and external conditions in terms of compression, hydration, and so on. The main components of LS are phospholipids, cholesterol, and the so-called surfactant proteins representing ∼80, 10, and 10 wt %, respectively (2) .
Deficiency of LS in the alveoli, or an imbalance of its chemical composition, induces a number of pathological conditions (8) . For instance, neonatal respiratory distress syndrome affects prematurely born infants when LS is not yet matured or is completely lacking; this deficiency may be lethal if left untreated. In these cases, the most common treatment is intratracheal administration of an exogenous LS into the lungs (9) . In case of acute respiratory distress syndrome the mortality is 35 to 45% (10) and an effective treatment is clearly lacking (8) . An accurate characterization of the molecular structure and dynamics of endogenous and exogenous lung surfactant, together with relating such molecular properties with LS functions, should aid significantly in the development of more efficient treatments. This characterization is also central to pulmonary drug delivery.
The LS lipid-protein mixture forms a thin film at the air-tissue interface, with the proposed structure consisting of a monolayer connected with an underlying multilayer structure (4, 6, 11) . The multilayer structure has been proposed to have arrangements similar to the bulk phases formed in LS extracts (LSEs) (6, (12) (13) (14) and in clinical multivesicular dispersions (15, 16) . Two types of multilayer structures have been observed: lamellar bodies with spherically concentric bilayers and a tetragonal structure called tubular myelin (6, 17) .
The macroscopic properties of the LS film naturally depend on the molecular organization and dynamics in the lipid-protein mixture. In particular, surface viscosity, surface tension, compressibility, and transport properties can be altered by changes in phase behavior. Abrupt changes in these properties upon variations in, for example, surface pressure, surface area, temperature, or hydration, can be related to phase segregation and first-order phase transitions, whereas gradual changes can be associated with continuous phase transitions (18) . In monolayer model systems composed of dipalmitoylphosphatidylcholine (DPPC), which is the main phospholipid in LS, it has been shown that the addition of small amounts of cholesterol leads to a reduction of the surface viscosity. Furthermore, the surface viscosity of cholesterol-containing monolayers showed a nonlinear response to variations in surface pressure, which was associated with phase changes and domain formation during expansioncompression cycles (19, 20) .
Previous characterization of LSE bilayer systems have shown phase segregation with two coexisting bilayer phases with
Significance
Cholesterol is currently removed from most lung surfactant extract preparations used in clinical applications. Cholesteroldepleted samples are also used in most in vitro studies of the lung surfactant layer. In our study we have performed a detailed molecular characterization of the structure of the lung surfactant with regard to cholesterol content and temperature. We show that cholesterol has a strong impact on the phase behavior, structure, and dynamics of the lung surfactant system even at low concentrations. We emphasize the importance of controlling the cholesterol content of the lung surfactant system studied to better mimic the endogenous lung surfactant and develop better preparations for clinical treatments. different repeat distances (12, 13, 21) . The segregated phases have here been assigned as either coexisting lamellar gel and lamellar liquid crystalline (Lα) phases (13) or as coexisting ordered and disordered Lα phases (12) . The precise phase behavior strongly depends on the exact composition of the LSE lipid-protein mixture, water content, and solution conditions as well as external conditions such as temperature and pressure. Small variations in any of these parameters may lead to a shift of the positions of the phase boundaries, which may explain the apparent discrepancies between published studies on LSEs obtained at one single temperature.
BIOPHYSICS AND COMPUTATIONAL BIOLOGY
In the present study we perform a detailed characterization of self-assembly in LS and how this changes with the cholesterol content and temperature. We use a porcine LSE developed for use in clinical treatments and we add or remove cholesterol to this system. Most extracts that are available for clinical use today have reduced cholesterol content [0 to 1 wt % with the exception of Infasurf, which contains 5 wt % cholesterol (14, 22) ] compared with the natural LS that contains ca. 10 wt % cholesterol (2) . LSE samples with low cholesterol content have also been commonly used in biophysical characterization studies (11, 13, 15, 16, (21) (22) (23) (24) . We aim for an overview picture of the self-assembly in LS mixtures, and we explore phase structure, transitions, and molecular dynamics for a range of cholesterol contents and temperatures. The LS film at the alveolar interface is highly dynamic and exposed to cyclic perturbations during breathing, which may induce inhomogeneities in terms of composition and phase behavior. We are therefore motivated to go beyond the characterization of complex mixtures at fixed conditions and explore what the accessible selfassembly states are by varying intensive variables in the system, for example temperature or pressure. We demonstrate that the addition of physiological amounts of cholesterol has a strong effect on the LS self-assembled structures and molecular dynamics, and we argue that LSE-cholesterol mixtures may better mimic the structure of endogenous LS than the commonly used clinical LSEs with very low cholesterol content. The LSE is compared with simple model systems composed of phospholipids and cholesterol, showing clear similarities as well as distinct differences in terms of self-assembled structures and phase transitions.
We apply solid-state nuclear magnetic resonance (ssNMR) spectroscopy together with small-and wide-angle X-ray scattering (SAXS/WAXS) and MS to characterize reconstructed membranes of the LSE. The same extract has previously been shown to form multilayers at the air-water interface (11) . The ssNMR experiments performed, R-type proton detected local field (R-PDLF) 2D spectroscopy (25) , 13 C direct polarization (DP), 1 H-13 C cross-polarization (CP) (26) , and 1 H-13 C refocused insensitive nuclei enhanced polarization transfer (rINEPT) (27, 28) , were all done using samples of LSE with natural abundance of isotopes and without any insertion of probe molecules.
The experimental characterization of LSE presented provides detailed molecular information because it enabled measurements of highly resolved site-specific quantitative information from all types of possible coexisting domains in the LSE samples. Namely, it was possible to resolve a large number of segmental order parameters SCH for distinct 1 H-13 C bonds of different phospholipids in the LSE, which enabled identifying the different phases present in the system and characterizing their molecular structure and dynamics.
Results and Discussion
We have made a detailed characterization, at the molecular scale, of the lipid phases present in samples of porcine LSE with different amounts of cholesterol. The samples are here referred to as clinical-type LSE, a sample representing the extract as developed for clinical use; cholesterol-depleted LSE, which is the clinical-type LSE from which cholesterol has been removed by complexation with β-cyclodextrin; and LSE + 5 wt % cholesterol and LSE + 10 wt % cholesterol, which are prepared by adding cholesterol (5 and 10 wt %, respectively) to the clinical-type LSE. Below we first describe the analysis of the chemical composition, lipid phase behavior, molecular structure and molecular dynamics of the samples and then conclude with a discussion of the biological relevance of our findings. The experiments on the LSE were complemented with studies of simple model mixtures specifically chosen to capture different important aspects of the complex mixtures in terms of phase segregation and domain formation. • C with the maximum intensity of the crowded spectral region in between the chemical shifts of the AT and TG conformations, recorded in both the CP and rINEPT spectra. At 30
• C the maximum of the crowded spectral region is located near the chemical shift of the AT conformation; however, this position will shift in between the chemical shifts of the AT and TG conformations depending on temperature and cholesterol content.
of the total LSE sample, with PI as the most abundant anionic lipid class, followed by PG. The anionic lipid PS is only present at very low concentrations. For a complete list of all identified lipids and their relative abundance refer to SI Appendix, Tables S1-S5. Cholesterol is not detected with the present MS method but was determined by spectrophotometry to be 1.3-1.7 wt %. The 13 C magic angle spinning (MAS) NMR spectroscopy enabled us to resolve a number of carbon peaks from the most abundant lipid species in the LSE, as shown in Fig. 1A . The 13 C peak assignment was based on previous studies of single lipids species (29, 30) . As expected, the 13 C NMR spectrum is dominated by signal from the lipid species in the major phospholipid class, PC. The signal originating from saturated lipid acyl chains is mainly located between 10 and 40 ppm, with the crowded spectral region of the lipid acyl chain (asterisk in Fig. 1A ) with chemical shifts around 29 to 31 ppm. The range in chemical shifts corresponding to the crowded spectral region contains precise information on the conformation of the acyl chains, as will be discussed in more detail below. The signal from unsaturated lipid species, namely from the carbons participating in double bonds and their adjacent methylene groups, also shows high intensities in the spectrum. Peaks from the double bonds in the unsaturated lipids appear at chemical shifts of 125 to 135 ppm, and peaks from the adjacent methylene groups are observed at 27 to 28 ppm.
Peaks originating from phospholipid headgroups are observed at 50 to 80 ppm where PC, PG, and PI headgroups were identified, although PG and PI have rather low intensities (SI Appendix, Fig. S1 ). The chemical shifts of all identified compounds are listed in SI Appendix, Table S6 . Cholesterol cannot be resolved in the spectra due to low concentration in the clinicaltype LSE samples, whereas it is clearly detected in the spectra from LSE samples that were supplemented with cholesterol. We were not able to detect any carbons from amino acids in the LS proteins by MS or NMR, which can be explained by the low protein concentration (2 to 4 wt %) in the LSE sample.
DP-CP-rINEPT Reference Spectra from Model Systems. The CP and rINEPT schemes for 1 H-13 C polarization transfers are commonly used NMR techniques to enhance the 13 C signals in solids and liquids, respectively. However, for the special case of anisotropic liquid crystalline phases that corresponds to the LS lamellar phases investigated, the rINEPT efficiency of a given 1 H-13 C spin pair depends largely on the time scale of the C-H bond reorientational motion and on its orientation because these two factors determine relaxation rates. For example, the rINEPT becomes inefficient for 1 H-13 C spin pairs that relax much faster than the 6 ms required for the rINEPT transfer to occur. In such cases, CP transfers may provide better performance over rINEPT because the CP transfer time can be set much shorter (about 1 ms or lower). A more detailed description of the dependence of CP and rINEPT intensities can be found for example, in the publications by Nowacka et al. (31, 32) and Gross et al. (28) .
In multilamellar systems, such as the LSE samples studied here, the dynamics and dipolar couplings of the 1 H-13 C spin pairs will depend on their position in the lipid molecules as well as on the phase of the bilayer. In this context, a combination of CP and rINEPT experiments is most appropriate, because the LSE contains several coexisting lamellar phases with different molecular structural and dynamical features. For instance, the use of CP and rINEPT spectroscopy enables selective detection of the solid-and liquid-like domains, as will be shown below.
To investigate the LSE systems, we first measured DP-CP-rINEPT spectra from the simple and well-characterized model systems DPPC, DPPC/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and DPPC/cholesterol, to be used as reference samples. The model systems were chosen to represent the possible lipid phases present in the LSE samples, namely, a lamellar gel phase with solid chains (L β ) and liquid crystalline lamellar phases with disordered (
In a lamellar gel phase, the acyl chains adopt an all-trans (AT) conformation (33) and have reorientation motions with timescales near microseconds (34), the so-called intermediate regime motions in NMR spectroscopy (35) . The intermediateregime motions cause a severe broadening of the 13 C NMR peaks as confirmed by the DP-CP-rINEPT spectra of a DPPC lamellar gel phase, L β , shown in Fig. 2A . Because of the very fast transverse relaxation of 1 H and 13 C magnetization characteristic of the intermediate-regime motions, the 13 C signals from acyl chains are only visible in the CP spectra and not in the rINEPT spectra. Above 42
• C, the DPPC acyl chains melt and a disordered liquid crystalline lamellar phase, L α(d) , is formed. Compared with the L β phase, the acyl chains of the L α(d) phase are highly mobile, here meaning much faster than intermediateregime motions (33) . This induces a decrease of the transverse relaxation rates as observed in Fig. 2B where the acyl chain peaks are much more narrow and visible in both the CP and rINEPT spectra. The acyl chains in the L α(d) phase become disordered [i.e., adopt trans/gauche (TG) conformations], which induces the shift of the crowded spectral region from 31 to 33.5 ppm in the gel phase to around 29 to 31 ppm in the L α(d) phase. The spectra of DPPC at 46
• C is compared with previously measured spectra of POPC (29) to further ensure the appearance of an L α(d) phase. If DPPC is mixed with POPC, an L β phase and L α(d) phase coexist at temperatures below 42
• C (36). This is observed in Fig. 2C , with the crowded spectral region from the L β phase appearing in the CP spectrum at 31 to 34 ppm and the crowded spectral region from the L α(d) phase appearing in both the CP and the rINEPT spectra around 29 to 31 ppm.
When cholesterol is added to DPPC bilayers at concentrations above 25 mol % (corresponding to 15 wt % in the dry lipid sample), a partially ordered liquid crystalline lamellar phase, L α(o) , is formed (37) (38) (39) . In the presence of cholesterol, the phase transition seen in the DPPC/water system at 42
• C is abolished and the L α(o) phase is present over the whole range of temperatures 30 to 46
• C (37) . Here, we shall use the definition of the liquidordered phase according to Ipsen et al. (37) , that L α(o) is a liquid crystalline bilayer phase with higher acyl-chain order, that is, with a much lower population of gauche configurations than in an L α(d) phase, and with a greatly reduced membrane-area compressibility. The DP-CP-rINEPT spectra of a DPPC/chol system is shown in Fig. 2D . At 30
• C, as cholesterol dissolves in the DPPC bilayer, the acyl chains become partially disordered and have a less dense packing than in the gel phase. Such conformational difference causes the 13 C peaks of the crowded spectral region to shift toward the 13 C chemical shifts of the liquid disordered phase. Additionally, the faster rotational diffusion of the acyl-chain C−H bonds in a liquid-ordered phase, with correlation times much lower than the microsecond timescale reorientations present in the gel phase, explains the simultaneous appearance of signals in the CP and rINEPT spectra in contrast to the gel-phase from which rINEPT signals are not observed.
Phase Behavior in the Clinical-Type LSE. Fig. 3B shows the crowded spectral region of the DP-CP-rINEPT spectra measured from the clinical-type LSE dispersed in an aqueous solution of 150 mM NaCl and 0.2 mM EDTA (50 wt % LSE in the sample) at temperatures within 30 to 46
• C. The spectral features observed for the clinical-type LSE show similarities with the spectra for the simple phospholipid model systems, which are also expected on basis of the high abundance of these phospholipids in the LSE. The LSE spectra in Fig. 3 can therefore be interpreted with Fig. 2 as reference.
At 30
• C, the simultaneous presence of two crowded spectral regions, one at 29 to 31 ppm visible in both the rINEPT and CP spectra, and another at 31 to 33 ppm only visible in the CP spectrum, clearly shows the coexistence of a liquid crystalline lamellar phase and a lamellar gel phase with solid chains. Because it is not possible to determine the tilt angle of the acyl chains from the present experiments, we will use the simplified nomenclature, L gel , when referring to the LSE gel phase. A comparison of the peak at 29 to 31 ppm with the reference spectra measured (e.g., Fig. 2B ) further indicates that the liquid crystalline lamellar phase detected is disordered (L α(d) ). In the SAXS curve, the two Bragg peaks from the coexisting lamellar phases partly overlap and it is not possible to resolve the individual repeat distances for the coexisting phases. However, the WAXS spectrum clearly shows a peak at q of 1.5Å −1 , which is a signature of solid chains in the lamellar phase (SI Appendix, Fig. S2 ).
As the temperature is raised to 35
• C (Fig. 3B ) the intensity of the peak around 32 ppm in the CP spectrum decreases, which implies partial melting of L gel phase to an L α(d) phase. This also coincides with the decrease in the CP signal intensity of the peak at 13.8 ppm, originated from the ω CH3 acyl-chain carbons, and the intensity increase of the rINEPT peaks at 22.7 and 34.3 ppm, Fig. S3 ).
At 40
• C (Fig. 3C ) the crowded spectral region at 31 to 33 ppm in the CP spectrum disappeared completely, which implies complete melting of the L gel phase and formation of an L α(d) phase. This is also supported by the increased intensity of the rINEPT signals at 30, 32.3, and 34.3 ppm and the appearance of the highly resolved peak from the (ω−2) CH2 segment at 32.3 ppm, which was, at lower temperatures, superimposed with the broad peak of the acyl chains in the L gel phase. At this temperature, one single lamellar phase is observed in the SAXS curve, and the peak at q of 1.5Å −1 , is no longer visible in the WAXS spectra (SI Appendix, Fig. S2 ).
Concerning carbon peaks with chemical shifts outside the crowded spectral region, the changes in the DP-CP-rINEPT spectra are not as pronounced. There is only a slight increase of the rINEPT intensity for the peaks originating from carbons in the headgroup (around 50 to 80 ppm). The peaks from methine carbons in the chemical shifts within 125 to 135 ppm have relatively high INEPT signal intensities at 30
• C, and the intensities of these peaks increase only slightly with temperature. This suggests that unsaturated lipids are present in the fluid L α(d) phase at all temperatures investigated. For full spectra refer to SI Appendix, Fig. S3 .
In summary, the clinical-type LSE system studied changes from coexisting gel and liquid crystalline lamellar phases (L gel + L α(d) ) to a single fluid lamellar phase (L α(d) ) in the temperature interval within 30 to 46
• C. We discuss how cholesterol affects this transition in the next section.
Effect of Cholesterol on the Phase Behavior of LSE. Most of the cholesterol that is naturally present in LS is removed in the extraction and purification processes that are performed to obtain the clinical-type LSE (22) and only 1.3 to 1.7 wt % cholesterol remains in the lipid mixture. To investigate accurately the role of cholesterol in the LS mixture, we aimed to remove the remaining cholesterol in the clinical-type LSE using β-cyclodextrin (40). The LSE was analyzed with high-resolution 1 H NMR and TLC before and after the β-cyclodextrin extraction step, showing removal of ∼65% of the cholesterol and no detectable change of the other lipid species in the sample.
The DP-CP-rINEPT spectra from the crowded spectral region of cholesterol-depleted LSE sample are shown in Fig. 3A . At 30
• C, the CP intensity of the crowded spectral region at 31 to 33 ppm is clearly enhanced compared with corresponding data for the clinical-type LSE in Fig. 3B . This implies that the low amount of cholesterol in the clinical-type LSE is enough to partially destabilize the L gel phase. It is also noted that the spectra from the cholesterol-depleted biological extract closely resemble the spectra obtained for the simple binary system of DPPC:POPC (Fig. 2C) .
The intensities of the CP peaks from the AT acyl chains decrease with increasing temperature, which can be explained by the partial melting of the L gel phase. Still, for the cholesteroldepleted LSE, the CP peak from the AT chains is still visible even at the highest temperature studied (46
• C). This implies the presence of L gel phase bilayer structures even at temperatures above the melting temperature of the main lipid component, DPPC, which is further confirmed by the presence of a peak in the WAXS spectra of the cholesterol-depleted LSE at 46
• C (SI Appendix, Fig. S2 ). This may be explained by the fact that the LSE sample contains a small fraction of lipid species with longer chains and higher melting temperatures compared with DPPC (SI Appendix, Table S1 ). Furthermore, the water content in the LSE samples is slightly below excess solution conditions, and the melting temperature of the lipid mixture is expected to be higher compared with the fully hydrated system (41-44). A B C D • C the L gel phase has completely melted and only the Lα phase/phases remains. In the LSE + 10 wt % cholesterol a liquid lamellar phase with characteristics of an L α(o) phase is induced at 30
• C. The increase and shift of the crowded spectral region in the rINEPT spectra as the temperature is raised suggests a gradual transition from a phase with characteristics of an L α(o) to one with characteristics of an L α(d) phase. It should be noted that the signal from the ω−2 CH 2 group in the rINEPT spectra at 32 ppm belongs to the L α(d) phase and is not part of the L gel or the L α(o) phases.
To further investigate the effect of cholesterol, we added either 5 or 10 wt % of cholesterol to the clinical-type LSE giving total cholesterol content of 6.5 and 11.5 wt %. The results are shown in Fig. 3 C and D. When 10 wt % cholesterol is added to the LSE sample, there are no signs of an L gel phase at 30
• C. The crowded spectral region with chemical shifts of 30 to 33 ppm is observed in both the CP and rINEPT spectra. The DP-CP-rINEPT spectra resemble the spectrum obtained for the L α(o) phase in the binary DPPC:chol model system (Fig. 2D) , strongly suggesting that the addition of cholesterol to the biological LSE leads to a conversion of a system with coexisting L gel and L α(d) phases into a single L α(o) phase closely resembling the L α(o) phase in the DPPC:chol model system. The mechanism behind the formation of the L α(o) phase is assumed to be the same as in the model system, which has been described in detail by, for example, Ipsen et al. (37) . At higher temperatures, the crowded spectral region of the LSE + 10 wt % cholesterol becomes narrower and shifts to lower chemical shift values, indicating that the amount of acyl chains that are in a gauche conformation gradually increases and that the system gradually shifts to an L α(d) phase. Finally, SAXS spectra for both LSE + 10 wt % cholesterol and DPPC:POPC:chol model mixtures show Bragg peaks from lamellar phases with only one repeat distance for the entire temperature interval studied, and no distinct WAXS peaks from phases with solid chains are observed in any conditions (SI Appendix, Fig. S4 ).
For the sample composed of LSE + 5 wt % cholesterol, only a small fraction of the L gel phase remains at 30
• C, and the crowded spectra region from the Lα phases closely resembles that of the LSE + 10 wt % cholesterol. As the temperature increases, the crowded spectral region narrows, just as for the LSE + 10 wt % cholesterol sample.
We finally note that peaks from cholesterol are identified in the DP-CP-rINEPT spectra at chemical shifts between 10 and 50 ppm (SI Appendix, Fig. S5 ). These peaks are mainly seen in the CP spectra, because cholesterol has higher C-H dipolar couplings and slower C-H bond reorientations. For full spectra see SI Appendix, Figs. S3 and S5-S7.
Molecular Structure in LSE by R-PDLF Spectroscopy. We investigated how cholesterol influences the molecular structure of phospholipid in LSE using R-PDLF NMR spectroscopy (25) . This approach is suitable for samples with natural abundance of isotopes. R-PDLF NMR spectroscopy adds an extra dimension to the highly resolved 13 C chemical shifts, enabling us to measure for each resolved carbon in the CP and/or rINEPT spectra the magnitudes of its C-H bond order parameters:
where θ is the angle between the direction of the C-H bond and the bilayer normal and the angular brackets denote a time average on a timescale of ∼10 µs or faster. The SCH magnitudes are determined from the dipolar splittings in a R-PDLF spectra by
BIOPHYSICS AND COMPUTATIONAL BIOLOGY where dCHmax is the maximum dipolar splitting of a rigid C-H bond and is equal to 22 kHz (45) . Fig. 4 shows selected chemical shift regions of R-PDLF spectra measured from the clinical-type LSE and LSE + 10 wt % cholesterol at 40
• C. A number of splittings ∆ν R−PDLF are remarkably well resolved at many different 13 C chemical shifts from which order parameter magnitudes |SCH| can be calculated. This is a striking result showing that highly quantitative structural information with C-H bond level of detail, that is, |SCH| values from distinct C-H bonds, can be directly obtained from biological extract of LS without any isotopic labeling.
R-PDLF spectroscopy only enables to measure dipolar splittings from the liquid crystalline lamellar phases. Dipolar slices corresponding to peaks exclusively from the L gel phase, such as the peak at about 32.5 ppm shows extreme broadening and no splitting (SI Appendix, Figs. S8-S11). This is because in a phospholipid bilayer with solid chains the occurrence of molecular reorientational motions with correlation times in the microsecond range makes R-PDLF spectroscopy inefficient due to the extremely fast relaxation induced by these motions during the recoupling time.
Unlike solid and gel phases, in Lα phases the reorientation motions of lipids can be separated into two motional regimes, a fast and a slow motion regime, with correlation times much lower and higher than microseconds, respectively, with an absence of reorientations in the intermediate regime of motion (46) . The relaxation rates during the dipolar recoupling time are therefore much lower for an Lα phase than for an L gel phase and R-PDLF spectroscopy becomes extremely efficient, yielding highly resolved dipolar splittings as in Fig. 4 .
SCH profiles give detailed information on specific lipid segments as well as on the overall phase behavior. Fig. 5 shows |SCH| profiles derived from the phospholipid acyl-chain splittings in the R-PDLF spectra for the clinical-type LSE, LSE + 5 wt % cholesterol, and LSE + 10 wt % cholesterol. At 30
• C, the |SCH| values for the fluid fraction of the clinical-type LSE sample were determined to be 0.2 to 0.25 for the first acyl-chain carbons and decrease along the acyl chain and finally reach values close to zero for ω CH3. The |SCH| profile closely resembles previously measured SCH profiles of saturated acyl chains in the L α(d) phase (29, 47, 48) in model phospholipid systems with simple composition. The decrease of |SCH| from the acyl-chain carbons near the glycerol backbone to the carbons at the bilayer center relates to the different probabilities for dihedral rotations along the acyl chains. Because of free volume restrictions, the probability for a gauche conformation increases with distance from the bilayer interface and therefore the SCH values decrease toward ω CH3.
When 10 wt % cholesterol is added to the clinical-type LSE sample there is a strong increase of the maximum value in the |SCH| profile to above 0.35, which is characteristic of an L α(o) phase (49) . Furthermore, the measured |SCH| values resemble the corresponding values obtained from the L α(o) phase of the binary model system DPPC:chol (38) and the ternary model system of DPPC:DOPC:chol (49) . The increase in |SCH| upon the addition of cholesterol is most pronounced for segments in the crowded spectral region, most likely corresponding to the acylchain carbons near C3. There is also a strong increase for the methylene groups close to the bilayer interface, which was also observed for related model lipid systems (29, 38) . The measured |SCH| profiles for the sample composed of LSE + 5 wt % cholesterol falls in between the measured profiles obtained for the clinical-type LSE and the LSE + 10 wt % cholesterol. This is consistent with a system that contains coexisting L α(d) and L α(o) phases with fast exchange, which implies small-sized domains, or • C with the data from 30
• C also plotted with faint triangles. Whereas the |S CH | profile of the clinical-type LSE is insensitive to the temperature change both the |S CH | profiles of the LSE-cholesterol samples approaches that of the clinicaltype LSE.
with a single liquid crystalline phase with properties in between the L α(d) and an L α(o) phases. As inferred from the data in Fig. 3C , the liquid crystalline lamellar phases coexist with the L gel phase.
Next, we investigated the response in phase behavior when temperature is varied between 30 and 40
• C. As shown in Fig 5B , the |SCH| profile for the lipid acyl chains in the clinical-type LSE fluid bilayer does not change significantly in this temperature interval. However, for the LSE + 10 wt % cholesterol sample, the |SCH| values measured at 40
• C are clearly lower compared with the corresponding values measured at 30
• C, approaching the |SCH| profile obtained for the L α(d) phase. This indicates that the liquid crystalline lamellar phase in the LSE + 10 wt % cholesterol gradually changes with increasing temperature, from a phase with the properties typical of an L α(o) phase to a lamellar structure that has properties closer to an L α(d) phase. The observed temperature dependence of the order parameters in the LSE-cholesterol mixtures is in clear contrast to the order parameters of the simple model system composed of DPPC:chol (1:1), which shows an L α(o) phase over this whole temperature range (38, 49) . However, there are close similarities between the |SCH| profile of the LSE + 10 wt % cholesterol system and the ternary model system composed of DPPC:DOPC:chol (1:1:1) in the same temperature range (34, 49) , with a critical point near physiological temperatures. Based on previous phase diagrams, one can predict that also the DPPC:chol binary system goes through a gradual change from L α(d) to L α(o) at higher temperatures above its critical point (50, 51) . The marked change of the |SCH| profile with temperature as observed for both the LSE-chol and DPPC:DOPC:chol systems (34, 49) is likely related to the lowering of the critical temperature where the L α(d) -L α(o) coexistence merge into a single Lα phase, due to the presence of unsaturated lipids with low melting temperature. Finally, the |SCH| profile obtained from the LSE + 5 wt % cholesterol approaches the |SCH| profile of the L α(d) phase in the clinicaltype LSE at increasing temperature (Fig. 5B) . The |SCH| profile measured for the cholesterol-depleted sample is similar to that obtained for the clinical-type LSE Lα phase, and again the |SCH| do not change with increasing temperature (SI Appendix, Fig. S12 ).
Biological Relevance. The lipid composition of the LS has a major impact on self-assembly structure, lipid molecular dynamics, domain formation, and phase transitions. These molecular properties are intimately coupled with the macroscopic properties of the LS system. In particular, properties such as surface viscosity, surface tension, compressibility, permeability, and solubility of foreign compounds can be altered by changing the self-assembly structure and molecular dynamics (19, 20, 52) . Abrupt changes in these properties upon changes in external conditions or composition can be related to phase segregation and first-order phase transitions, whereas gradual changes can be associated with continuous phase transitions (18) . Phase segregation in membranes has been associated with increased permeability and increased solubility of foreign compounds, for example ethanol (53) . It may also govern the lateral distribution of membrane-associated proteins, as has been widely explored in relation to so-called lipid rafts in cell membranes (54) . Previous studies by Choi et al. (19) and Kim et al. (20) demonstrated nonmonotonic response in surface elastic modulus of phospholipid monolayers with the addition of cholesterol, and the observed effects could be related to domain formation. Similar response of surface properties to changes in phase behavior and domain formation may also occur in the LS layer in the alveoli, where it might have an impact on the structure and function of the LS layer exposed to cyclic perturbations during breathing. For the clinical applications, the lipid phase behavior will also affect formulation properties.
Most clinical formulations used in treatments of neonatal respiratory distress syndrome contain bovine or porcine LS extracted by methanol/chloroform according to the protocol by Bligh and Dyer (55) from bronchoalveolar lavage (BAL) or minced lung tissue. The overall compositions of the lipid extracts of BAL and extracts from minced lungs extracts are similar with only small differences in phospholipid composition (56) . The hydrophilic proteins (SP-A and SP-D) are not present in any of the two extract types due to the low solubility in the organic solvents. Furthermore, the extraction of uncharged lipids leads to a reduced cholesterol content in most of these extracts (22) , which should be compared with the cholesterol content of 8 to 10 wt % in the endogenous LS (57) . In this paper, we demonstrate marked impact of cholesterol content on the structure and dynamics in clinical type LSE, where the high-cholesterol substituted extract is the closest analogy to the in vivo active system in humans and other mammals. Such strong effects on the phase behavior in the physiological temperature range will most likely also influence the LSE function. Reasonably, the addition of cholesterol to clinical formulations will have an impact on the treatments of LS deficiency-related syndromes (e.g., neonatal respiratory distress syndrome). Several studies have reported negative effects of cholesterol on the performance of LSE (14, 58) , even though cholesterol is naturally present in the in vivo LS system. The rationale behind the reported negative effects of cholesterol remains unclear and the discrepancy may be related to differences other than the cholesterol content between the extracts and the in vivo system. When 10 wt % cholesterol is added to LSE, only Lα phases are formed. By depleting the cholesterol from the system we observe strong phase segregation into an L gel phase with solid chains and an Lα phase with disordered chains at physiological temperatures. It is an important conclusion from the present study that the LSE + 10 wt % cholesterol system forms only Lα phases over the whole range of temperatures between 30 and 46
• C, with the properties of this lamellar system gradually changing with temperature. In other words, the tendency for phase segregation between solid and fluid phases and domain formation is clearly reduced at physiological cholesterol concentrations and at physiological temperatures.
Conclusions
We present a systematic characterization of how cholesterol influences the self-assembly structure in an LSE in great detail and show the effect of different concentrations of cholesterol. In the absence of cholesterol there is a strong segregative behavior and formation of two bilayer phases at 30
• C, an L gel phase and a liquid-disordered lamellar phase L α(d) . The transition temperature leading to the formation of a single L α(d) phase takes place close to physiological temperatures. Phase segregation between solid and fluid structures is abolished when the sample is supplemented with physiological levels of cholesterol, and only Lα phases are formed over a relevant temperature interval (30 to 46
• C). The Lα phase has the characteristics of a L α(o) phase at temperatures around 30
• C, which gradually change toward an L α(d) phase when the temperature is increased to 40
• C. This implies a lowering of the critical temperature compared with the minimal system composed of the main LS phospholipid, DPPC, and cholesterol (37) . The depression of the continuous L α(o) -L α(d) transition can be related to the acyl-chain composition in the lung surfactant, which differs from the model system with only saturated 16:C acyl chains (SI Appendix, Tables S1-S5). The structure characteristics of the L α(o) phase closely resemble the cholesterol-rich liquid-ordered domains, similar to so-called lipid rafts in cell plasma membranes. The lipid rafts have been proposed to serve as functional platforms in cell signaling and intercellular membrane trafficking (59, 60) . In the LS layer covering the alveolar interface the presence of cholesterol may serve to prevent segregation and domain formation, and the formation of stable fluid bilayer phases, which likely have a strong impact on diffusional transport across the layer as well as mechanical and elastic properties during breathing expansion-retraction cycles (19, 20) .
Materials and Methods
Sample Preparation. The LSE used in this study, HL-10, was a kind gift from Leo Pharma, Ballerup, Denmark. The surfactant is extracted from minced porcine lungs by the method of Bligh and Dyer (55) . After extraction only the hydrophobic surfactant proteins (SP-B and SP-C) are present in the LSE, at a concentration of 1 to 2% each, with complete removal of the hydrophilic surfactant proteins (56, 61) . The 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), POPC, 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG), and cholesterol were purchased from Avanti Polar Lipids. NaCl, CaCl2, EDTA, β-cyclodextrin, chloroform, and methanol were purchased from Sigma-Aldrich. HL-10 was a clinical-grade pharmaceutical compound assessed for the treatment of adult respiratory distress syndrome (Leo Pharma). It showed promising results in a phase-IIB study but failed to meet primary end points in a phase-III study, and thus was discontinued. The final clinical-grade batches were provided to us and were kept in closed vacuum vials in deep refrigeration until examination. The reason for studying this system is the fact that this material was in a freeze-dried state intended for aqueous resuspension before clinical use. Thus, resuspension in suitable media and further processing becomes a much more controlled process, rather than freeze-drying available clinical-grade natural surfactant material that already is in aqueous dispersion. The LSE was studied in the presence and absence of cholesterol and in different solution conditions. To remove cholesterol, LSE was dispersed in a solution of 20 mM β-cyclodextrin and left for 8 h, and then the aqueous solution was removed by centrifugation. The extract was washed once and then freezedried. Model lipid systems were used as reference samples in the study, including DPPC, DPPC:POPC (76:24), DPPC:POPC:cholesterol (50:15:35), and DPPC:cholesterol (65:35). The samples composed of model lipids and samples composed of LSE with added cholesterol were prepared as follows. The lipids were dissolved in chloroform:methanol (2:1) at a concentration of 15 mg/mL. The solvent was then evaporated under a stream of N 2 gas and the samples were left to dry under vacuum overnight. The dried lipid films were then redispersed in 50 wt % aqueous solutions to keep them close to full hydration without having excess water, which would reduce the signal-to-noise ratio from lipids in the ssNMR measurements. The mixtures were heated to 40
• C and vortexed for ∼5 min to ensure proper mixing. The samples were then equilibrated for 48 h at 27
• C before each measurement.
ssNMR. All NMR experiments were done on natural-abundance 13 C samples and performed on a Bruker-Avance AVII-500 spectrometer equipped with a Bruker E-free MAS 4-mm probe, at 1 H and 13 C resonance frequencies of 500 and 125 MHz, respectively. All samples were held in 4-mm inserts and put to a rotor and done under MAS spinning at a frequency of 5,000 Hz (except for spectra in SI Appendix, Figs. S10 and S11 acquired at 8 kHz). The inserts were weighed before and after adding the samples to control that the same amount of sample was used in each experiment. The CP (26), DP, and rINEPT (27, 28) experiments all used the same recycle delay, receiver gain, dwell time, number of acquisitions points, and decoupling power. The full setup was as follows: an acquisition time of 96 ms with a recycle delay of 4 s, 512 scans were used for LSE samples and 256 scans for model systems, and the measurements were repeated twice. Radio frequency pulses were set to give the nutation frequencies: 80.65 kHz ( Fig. S9 ), or 250 µs (SI Appendix, Figs. S10 and S11) and the total number of scans was 512 (SI Appendix, Figs. S8 and S9) or 1,024 (SI Appendix, Figs. S10 and S11) using a recycle delay of 5 s. rINEPT, DP, and CP experiments were measured at a temperature interval of 30 to 46
• C with steps of 5 • C and R-PDLF experiments were measured at 30 and 40
• C. The chemical shift of the (rINEPT) methyl peak at 13.8 ppm was used as an internal reference. All samples were equilibrated for 30 min before measurements. The temperature was calibrated using methanol (62) .
SAXS and WAXS.
All SAXS and WAXS measurements were performed on a SAXSLAB Ganesha 300XL with a High Brilliance Microfocus Sealed Tube as X-ray source. Beam shaping is initially done by the shaped multilayer and further collimated by three sets of four-bladed slits. The scattering is detected by a Pilatus detector. The samples were mounted in solid-sample holders (sandwiches) with precut mica windows and heated with a Julabo water bath in the temperature range of 30 to 46
• C. The measurements had a q-range of 0.012 to 0.67Å −1 (SAXS) and 0.05 to 2.5Å −1 (WAXS). Data reduction was done with the auto-processing tool of SAXSGUI.
MS.
The LSE was dissolved in chloroform:methanol 3:1 (8 mg/mL) with either methylamine (0.2 mM) or ammonium acetate (5 mM) and analyzed using a nano electrospray ionizer connected to an Orbitrap-Velos Pro mass spectrometer (Thermo Scientific). Two-microliter samples were loaded in disposable emitters and sprayed using negative ionization for detection of PE, PG, PI, and PS lipid species. PC lipid species were identified at both positive and negative ionization (with both methylamine and ammonium acetate). PG, PE, and PI lipid species were quantified using internal standards of each lipid class with hydrocarbon chain lengths 17:0 to 20:4. Data were collected using data-dependent acquisition performing full-scan experiments as well as untargeted MS/MS using higher-energy collisional dissociation fragmentation. The different lipid classes and the acyl-chain composition within each class were identified by their exact mass and characteristic MS 2 fragmentation of the hydrocarbon chains and headgroups as evidence.
Cholesterol Concentration. The cholesterol concentration of the clinical-type LSE was determined by spectrophotometry after oxidation by cholesteroloxidas to 4-cholesten-3-one where hydrogen peroxide is a byproduct. The hydrogen peroxide is reacted with 4-aminophenon and phenol to form a color, which can be measured at 505 and 700 nm. Cholesterol esters are hydrolyzed to free cholesterol by cholesterol esterase. The analysis was performed by the clinical chemistry department at the Lund University Hospital. Cholesterol concentration was further validated by high-resolution 1 H NMR based on the integration of the peak from the methyl group of cholesterol and the peak from the methyl group of the choline headgroup (SI Appendix, Fig. S13 ).
